The resolution of an optical microscope is restricted by the diffraction limit, which is approximately 200 nm for a white light source. We report that sub-diffraction-limited objects can be resolved in immersion liquids using a microsphere optical nanoscopy (MONS) technique. Image magnifications and resolutions were obtained experimentally and compared in different immersion liquids. We show that a 100 μm diameter barium titanate (BaTiO 3 ) glass microsphere combined with a standard optical microscope can image sub-diffraction-limited objects with halogen light in three different media: water, 40% sugar solution, and microscope immersion oil. In this paper, the super-resolution imaging performance has been described with the three immersion liquid types and the mechanisms are discussed with Mie theory calculation in the field of a Poynting vector.
Introduction
Conventional optical microscopy has a theoretical limitation in optical resolution at approximately 200 nm in the visible spectrum because of loss of evanescent waves in the far field [1] . Imaging technologies with a sub-diffraction-limited spatial resolution are essential to nanoscience and biomedical science. One of the methods to overcome the optical diffraction limit is the use of metamaterial-based perfect superlenses operating in the near field [2] . The near-field evanescent wave could be transferred to the far field by combining the propagating wave with the evanescent wave at the image plane through the far-field optical superlens (FSL) [3] [4] [5] [6] [7] . However, the light source was UV or x ray, and the magnification was approximately 1. This limitation prevents the use of the technology in combination with conventional optical microscopes because the resolution of the imaged objects is smaller than the diffraction limit of standard optical microscopes [8] . To overcome this limitation, Liu et al. demonstrated that sub-diffraction-limited objects could be magnified and observed by a conventional optical microscope with a magnifying optical hyperlens based on a curved (e.g., hypobolic) metamaterial lens, which can convert an evanescent wave into a propagating wave [9] . Nanoscale spherical lenses were used to resolve objects beyond the diffraction limit in the near field [10] . The super-oscillatory lens discovered recently achieved far-field superresolution by using an optical mask [11] . Superresolution and magnified virtual imaging were first demonstrated by Wang et al. using fused silica microspheres to image a gold-coated anodic aluminum oxide membrane with a conventional optical microscope at a record resolution of 50 nm [12] . Super-resolution imaging was also realized by fused silica microspheres with a semi-immersing liquid of ethanol and microscope immersion oil [13, 14] and a barium titanate glass microsphere immersed in isopropyl alcohol [15] . In this paper, we report the effect of different liquid immersion media (water, 40% sugar solution, and Leica microscope immersion oil) on the optical imaging performance of a BaTiO 3 glass microsphere coupled with a standard optical microscope.
Experimental Procedures
The limitation on optical resolution is expressed by the Rayleigh criterion, which includes the diffraction-limited resolution (d) for an optical lens with a numerical aperture (NA) at wavelength λ 0 , such that,
Based on the equation, the resolution of standard optical microscopes can be limited to approximately 200 nm at visible wavelengths. Based on this, the minimum resolution of the ×50 objective lens (NA: 0.75) is approximately 300 nm at the visible wavelengths. A lens with a higher NA over 1.0 may not be suitable for the microsphere optical nanoscopy (MONS) technique with large microspheres because the working distance of the lens can be smaller than the microsphere size, which results in the microsphere contacting the lens, making imaging (where the focal position needs to be below the target surface) difficult to implement. The Verbatim Blu-ray disc BD-R 25GB was examined as the sub-diffraction-limited object. The soft protect film was ejected by a shallow cut in the Blu-ray disc. Chemical etchings were not applied on the Blu-ray disc so that the dielectric cover layer would not be removed. The microspheres were spread on the back part of the Blu-ray disc with liquid drops. The observation of super-resolution was explored viewing the microspheres. A standard optical microscope (Leica DM 2500M) was used in combination with 100 μm BaTiO 3 glass microspheres immersed in water, 40% sugar solution, and Leica microscope immersion oil as shown in Fig. 1 . The refractive indices of the BaTiO 3 glass, water, 40% sugar solution, and Leica microscope immersion oil were 1.90, 1.330, 1.399 [16] , and 1.518, respectively. Halogen light was projected onto the target at the reflective mode. The field of view was adjusted to the size of the microspheres. The focal plane of the optical microscope was explored at various distances from the target surface in order to understand its effect on the image contrast and the resolution. The effects of a 100 μm BaTiO 3 glass microsphere immersed in the different media were examined on the imaging of the Blu-ray disc.
Results and Discussion
The Blu-ray disc lines were magnified by the 100 μm BaTiO 3 microsphere in three different media as shown in Fig. 2 . The magnified Blu-ray disc regular lines were clearly observed in three different media with the microsphere. Without the microsphere, these lines cannot be observed. The different media generated different magnifications. The magnifications in water, 40% sugar solution, and the Leica microscope immersion oil were experimentally observed to be 3.3-3.8 times, 2.5-3.0 times, and 2.0-2.5 times, respectively. The 120 and 180 nm periodic lines of the Blu-ray disc were clearly magnified in water and in the 40% sugar solution as in Figs. 2(b) and 2(c), but the ratio of the periodic lines was not held in the Leica microscope immersion oil as in Fig. 2(d) . It may cause the magnified image to be smaller than the minimum resolution of the objective lens of the optical microscope, which can be limited by the NA of the object lens. The relative refractive index, image focal positions, and magnifications for the three different media are shown in Table 1 . The relative refractive index is defined as 1 n 2 n 2 ∕n 1 , as a function of the refractive index parameter n 1 for the medium and n 2 for the microsphere. The magnification and resolution can be affected by the relative refractive index between a BaTiO 3 glass microsphere and an immersion liquid. A higher relative refractive index can increase magnification and it will enable better resolution. This is true until n 1.8 [12] . To use an immersion liquid, the image resolution and magnification can be decided by the relative refractive index between a microsphere and the immersion liquid rather than the refractive index of the microsphere. The immersion liquid can realize super-resolution above n 1.8 of the microsphere. When the image plane position was close to the target surface, the optical magnification decreased. On the other hand, when the image plane position was far below the target surface, the magnification increased. However, not all positions had good contrast in the images. The clearest and best contrast positions were generally observed close to the center of the image focal planes.
Specular highlight was observed as color rings in the focal image ranges in the three immersion liquids as shown in Fig. 3 . The color rings were generated by specular reflection of the halogen light and was strongly affected by the relative refractive index between the BaTiO 3 glass microsphere and the immersion liquid [17] . The size of the color rings expanded when the relative refractive index increased. The center of the blue color ring had better contrast and resolution than other color rings. In dry condition without liquid immersion, super-resolution and magnification were not realized because the windows of the superfoci could be increased; moreover, the refractive index of the BaTiO 3 glass microsphere exceeds the theoretical maximum refractive index of super-resolution as up to n 1.8 [12] .
The magnification and super-resolution of MONS can be understood by Mie theory [18] . The 100 μm BaTiO 3 microsphere with a parallel incoming plane wavelength of 600 nm is generated in the three different media as shown in Fig. 4 . The simulation was carried out using Mie theory to examine the directional streamlines and the electric intensity in the Poynting vector field. The microsphere can generate a photonic nanojet and the width of the photonic nanojet is tighter than the diffraction limit, without significant optical diffraction [19] . This optical path could be reversed in the reflective mode of a standard optical microscope so super-resolution can be observed. The maximum intensity position (MIP) can affect super-resolution imaging. When the MIP is close to the microsphere, resolution and magnification might increase. It may cause the sufficient energy to focus on the photonic nanojet. Thus, the width of the photonic nanojet might be minimized. The MIP is affected by the relative refractive index of the microsphere and the immersion liquid. A higher relative refractive index can increase the intensity and simultaneously reduce the distance between the microsphere and the MIP. The distance between the microsphere and the MIP is 27.35, 36.75, and 62.90 μm in water, 40% sugar solution, and Leica microscope immersion oil, respectively. Moreover, the distance may affect the contrast and resolution in the area of specular highlight.
Conclusions
Sub-diffraction-limited imaging using a large BaTiO 3 sphere coupled with a standard optical microscope has been demonstrated in water, 40% sugar solution, and Leica microscope immersion oil. Optical magnification was approximately 3.3 times, 2.8 times, and 2.3 times in water, 40% sugar solution, and Leica microscope immersion oil, respectively. The magnified images were observed when the optical microscope was focused below the target. The focal image positions were affected by the type of immersion liquid. In water and 40% sugar solution, the magnified super-resolution image was observed clearly, but image distortion was observed in Leica microscope oil because of the limitation of the objective lens. Color rings were observed due to specular reflection through reflective halogen light and the size of the color rings could be affected by the relative refractive index between a microsphere and the immersion liquid. The super-resolution imaging can be explained by the photonic nanojet with the reversed optical path. MONS allows sub-diffraction-limited optical imaging in liquid conditions combined with standard optical microscopy. Biological samples often require liquid conditions and thus they can be observed directly without chemical processing, fluorescing, vacuum, and conducting material coating. Such potentials can facilitate the understanding of the mechanisms and the interactions of viruses, bacteria, cells, and drugs.
